Retinal Development: Second Sight Comes First  by Sernagor, Evelyne
Current Biology Vol 15 No 14
R556
possibility, favoured by the
authors, is that these higher areas
are actively suppressed during
blinking. This is an exciting idea,
as many of the parietal and pre-
frontal areas have been
associated with fluctuations in
consciousness [19,20]. Although
evidence for a suppression of
primary visual function during
blinks and saccades is now
indisputable, it remains a mystery
of how this modest (0.5–1 log unit)
suppression can completely
eliminate all sensation of motion
or flash that should accompany
rapid motion or a 150 millisecond
blackout. Fast, whole-field motion
is particularly attention-grabbing:
but if it occurs during saccades,
one can be intellectually aware of
a change in position but perceive
no sense of motion or of startle
[4]. Perhaps we are not startled by
the blink black-out or the
saccade-induced motion because
those areas that register
awareness of these events are
momentarily anaesthetised.
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Figure 2. Summary of
Bristow et al.’s [11] results,
showing BOLD response in
five visual areas.
Red bars, response to
whole field flicker of 6.7 Hz,
via the roof of the mouth;
green bars, response to the
same stimuli while subjects
blinked frequently; dark
blue bars, response in dark-
ness to similar blink fre-
quencies; light blue bars,
the response to retinal stim-
ulation during blinking, after
subtracting the response to
blinking in the dark (green
bars minus dark blue bars).
Note that this result was not
shown in the authors’ paper
[11], and the assumptions
behind making the subtrac-
tion — such as linearity in
the neural signal and of the
BOLD response – are not
necessarily justified. (The
results for MT were com-
municated directly by the
authors, the others repro-
duced from their Figure 2.)
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In vertebrates, visual processing
starts at the back of the eye,
where the retina converts light
into neural signals. Images of our
surrounding world are transduced
by rod and cone photoreceptors,
which generate neural responses
that are processed through
several layers of specialised
neurones. Retinal ganglion cells
Retinal Development: Second
Sight Comes First
Mammals are functionally blind at birth because responses to rod and
cone photoreceptor activation are immature. Recent studies show that
the newborn retina is nevertheless sensitive to light. Indeed,
intrinsically photosensitive retinal ganglion cells are present from birth
and already make functional connections with the suprachiasmatic
nucleus, the site of the central circadian clock.
transmit these signals to the
visual parts of the brain through
their axons that form the optic
nerve (Figure 1, lower panel).
It turns out, however, that sight
is not the sole function of the
retina. In the last three years, a
flurry of publications has shown
that, in addition to image
formation, the retina conveys
information on the levels of
illumination, or irradiance. This
non-image forming vision, or
‘second sight’, originates in a
small subset of retinal ganglion
cells that are photosensitive [1]
because they contain an opsin-
like protein called melanopsin [2].
These intrinsically photosensitive
retinal ganglion cells (ipRGCs)
project via the retinohypothalamic
tract to the suprachiasmatic
nucleus (SCN) of the
hypothalamus (Figure 1), where
circadian rhythms are generated,
and influence pineal melatonin
levels (reviewed in [3]). They also
project to the brain area that uses
information on irradiance to
control pupil constriction. The
ipRGCs are not photosensitive in
melanopsin knockout mice, and
as a result these animals have
impaired non-image-forming
vision [3].
An important question is
whether these two visual
pathways, the conventional image
forming and the non-image
forming stream, develop at the
same time. The consensus is that
mammals are functionally ‘blind’
at birth, relying on maternal
protection to survive. But
logically, however, there is no
reason to assume that these two
streams develop concomitantly,
because they do not necessarily
share the same retinal pathways
(although ipRGCs also receive
retinal synaptic inputs [4,5]). The
ipRGCs are directly activated by
light, even when all synaptic
inputs are blocked [1], while other
retinal ganglion cells respond to
light through several synaptic
relays, starting at the rod and
cone level (Figure 1, lower panel).
At birth, mammals do not have
functional vision because retinal
ganglion cells do not respond to
rod and cone stimulation. These
cells become visually responsive
shortly before eye opening —
around post-natal day (P) 12 in
rodents — once the vertical
synaptic connections between
photoreceptors and retinal
ganglion cells, provided by bipolar
cells, become functional [6]. What
about ipRGCs? Given that these
cells do not require synaptic
inputs to generate responses to
light, it is not unreasonable to
assume that melanopsin-
mediated irradiance sensitivity
might develop earlier than
conventional vision, providing
melanopsin is present and
functional. 
In support of this possibility, it
has been known for some time
that in neonatal rodents, light
induces an increase in the
expression of the immediate early
gene c-fos, a marker of neural
activity, in the SCN [7–9],
suggesting that photo-
entrainment of the circadian clock
begins soon after the eye starts
experiencing light at birth, long
before image-forming vision is
even possible. New studies are
now providing more direct
evidence that the newborn retina
is, indeed, far from insensitive to
light. At present, we know that not
only is retinal ‘second sight’
functional from the day of birth,
but also amazingly, it appears to
be even more prominent then than
in maturity.
First of all, Tarttelin et al. [10]
have shown that the expression of
non-rod, non-cone opsin genes
starts much earlier than that of
rod and cone opsins during ocular
development. In mouse,
melanopsin is already expressed
halfway through gestation, while
ultraviolet cone opsin does not
appear until P1, rod opsin until P5
and green cone opsin until P7. In
humans, non-rod, non-cone
opsins are already expressed by
8.6 weeks post-conception.
Although the onset of melanopsin
expression coincides with retinal
ganglion cell birth, this study does
not demonstrate directly what
type of embryonic cells express
the protein. 
Using immunocytochemistry
and in situ hybridisation in rat,
Fahrenkrug et al. [11] went one
step further, showing that
melanopsin is expressed from
embryonic day 18, when cellular
differentiation begins, in cells of
the inner neuroblast layer, with
increasing expression and
migration towards the retinal
ganglion cell layer around birth.
These melanopsin-positive
embryonic cells also express
pituitary adenylate cyclase
activating polypeptide (PACAP), a
neurotransmitter found
exclusively in retinal ganglion
cells that form the
retinohypothalamic tract, and
therefore project to the SCN, in
adult. The same team [12]
subsequently demonstrated light-
induced c-fos expression from
the day of birth both in these
melanopsin/PACAP expressing
retinal ganglion cells and in
the SCN.
These studies do not, however,
provide direct physiological
evidence that ipRGCs respond to
light from birth. In an elegant
study published recently in
Current Biology, Sekaran et al.
[13] have now demonstrated
unequivocally that neonatal
mouse melanopsin-expressing
retinal ganglion cells generate
light responses. Using calcium
imaging, they recorded light-
evoked responses in retinal
ganglion cells as early as from P0
(Figure 1, upper panel). As in adult
ipRGCs [1], these responses
persist when glutamatergic
neurotransmission is blocked,
ruling out any possible
contribution from the
photoreceptor-bipolar cell
pathway. They are absent in
melanopsin knockout mice,
confirming that light sensitivity in
the retinal ganglion cell layer at
birth originates from melanopsin
expressing ipRGCs. 
An intriguing aspect of this
study [13] is the developmental
time course of changes in the
number of ipRGCs and in their
sensitivity to light. More retinal
ganglion cells respond to light at
P0, 13.7%, than at P4–5, 5.4% (it is
even lower in adult, decreasing to
2.7%). This developmental
decrease in light responsiveness is
attributed to a decrease of over
70% in the number of melanopsin
expressing retinal ganglion cells
between P4 and P14, when cell
density reaches its minimum, adult
level, presumably as a result of the
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massive retinal ganglion cell death
which peaks between P4–6 [14].
Surprisingly, there is a
moderate increase in the number
of melanopsin expressing retinal
ganglion cells from P0 to P4–5,
before cell density decreases
towards adult levels, while at the
same time, more cells respond to
light at P0 than at P4-5. Sekaran
et al. [13] attribute this
discrepancy to the possibility that
some melanopsin expressing cells
must be in apoptotic state at
P4–5, and therefore lose their
ability to respond to light. Light
sensitivity increases in ipRGCs
from P0 to P4–5, probably
reflecting maturation of the
melanopsin phototransduction
pathway during that period. 
Remarkably, these young
ipRGCs are capable of generating
sustained responses to low
illumination, lasting several
minutes. This has significant
implications for photo-
entrainment of the circadian clock
in neonates, because melanopsin
expressing ipRGCS already make
functional connections with the
SCN, assessed by photic
induction of c-fos, from P0.
Functional connections between
the retina and the SCN are lost in
melanopsin knockout mice,
suggesting that in neonates,
accessory visual functions are
controlled by melanopsin-
mediated photosensitivity
(although this has not been tested
behaviourally).
This new study [13] raises
fundamental issues in brain
development. Not only does it
demonstrate that the retina can
detect irradiance from birth and
transmits the information to the
clock, but it also shows that there
is a progressive decrease in
irradiance sensitivity during the
first postnatal weeks, while at the
same time, the retina is building up
its more conventional role in
image-forming vision which
becomes functional at eye
opening. Why should the retina
need such an overly potent
irradiance detection system at
birth? The foetal clock is entrained
by coordination with the maternal
circadian system [15]. Strong
irradiance sensitivity at birth might
help the organism switching fast
and efficiently to its independent
photo-entrainment system, even
when light cannot be detected and
processed yet through rods and
cones. ‘Piggy-backing’ on naturally
occurring retinal ganglion cell
death, this early hypersensitivity to
light would gradually decrease to
adult levels, avoiding interference
with other photoreceptor systems
in maturity. 
The circadian clock of very
premature non-human primates is
already sensitive to light [16],
suggesting that retinal
photosensitivity emerges very
early during development. While
this early sensitivity to light might
be vital, too much light too early is
perhaps harmful. Preterm infants
gain more weight and develop
better sleep-wake cycles when
they are kept in light-and-dark
cycles rather than in constant light
[17]. It is even tempting to
speculate that too much early
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Figure 1. Mammalian retinal networks involved in the generation of neural responses
in retinal ganglion cells (RGCs) at birth (upper panel) and at maturity (lower panel). 
At birth, ipRGCs (blue) respond to light (sun symbol; the light response is illustrated by
the yellow trace). These cells project to the SCN (other accessory visual targets are not
shown) and perhaps, to a lesser extent, to the lateral geniculate nucleus (LGN) in the
image-forming stream of the visual system. ipRGCs and other RGCs (black) as well as
amacrine cells (orange) participate in spontaneously generated waves (black traces).
Other retinal layers are not illustrated because they do not contribute to neural
responses in RGCs at birth. At maturity, the rod/cone (blue grey and green cells) bipolar
cell (black) pathway is functional, and responses to light propagate vertically through
the retinal layers to the RGCs (and to a lesser extent to ipRGCs). Spontaneous waves
have disappeared. AC, amacrine cell; BP, bipolar cell; HC, horizontal cell; ONL, outer
nuclear layer, comprising the rod and cone cell bodies; OPL, outer plexiform layer, the
dendritic layer with synaptic contacts between photoreceptors, horizontal cells and
bipolar cells; INL, inner nuclear layer, comprising cell bodies of horizontal cells, bipolar
cells, amacrine cells; IPL, inner plexiform layer, the dendritic layer with synaptic con-
tacts between bipolar cells, amacrine cells and ganglion cells; GCL, ganglion cell layer;
NFL, nerve fibre layer, comprising the axons of all RGCs, including ipRGCs.
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photic stimulation may increase
mortality rate in preterm babies.
Indeed, sudden infant death
syndrome is significantly more
common in preterm, low birth
weight infants [18].
Neonatal photosensitivity
perhaps also acts as an immature
form of vision because ipRGCs
project to image-forming visual
areas [5,19]. Indeed, although
ipRGCs do not convey information
on visual acuity, they may provide
global information on other
aspects of visual perception such
as motion, for example. The initial
over production of ipRGCs may
also consolidate the development
of retinal projections both to the
accessory and to the image-
forming visual system. Immature
neighbouring retinal ganglion
cells, including ipRGCs [13], fire in
spontaneous correlated bursts of
action potentials, resulting in
waves propagating across the
retinal ganglion cell layer [6]
(Figure 1, upper panel). These
waves emerge during late
embryogenesis and they
disappear during the first
postnatal month (between P15
and P21 in mouse). There is good
evidence that these early,
spontaneous waves drive the
Hebbian strengthening of
connections in retinal projections
[20]. It is therefore very likely that
wiring of ipRGC projections are
influenced both by spontaneous
and light-driven activity in these
immature cells.
In summary, the discovery of
neonatal retinal photosensitivity
has opened a plethora of
fascinating questions that
undoubtedly will lead to many
more breakthroughs in our
understanding of how the
environment influences the
development of brain functions.
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Eukaryotes have evolved a
quality-control process that
allows cells to degrade mRNAs
with premature termination
codons. This process, termed
nonsense-mediated mRNA decay
(NMD), eliminates mRNAs that
might otherwise encode truncated
proteins that interfere with normal
cellular processes, thus acting as
natural ‘dominant negatives’ [1–3].
Once believed to function solely
as a ‘guardian’ against newly
arising nonsense mutations, NMD
is now emerging as a pathway
that governs general cellular gene
regulation. Genome-wide studies
have recently revealed a long list
of natural NMD targets [4–7]. And
as they reported recently in
Current Biology, Mitrovich and
Anderson [8] have now found that
NMD plays a role in the regulation
of pseudogenes. 
Pseudogenes are non-
functional genes or gene
fragments that have accumulated
nonsense mutations by genetic
Messenger RNA Surveillance:
Neutralizing Natural Nonsense
Messenger RNA transcripts that contain premature stop codons are
degraded by a process termed nonsense-mediated mRNA decay
(NMD). Although previously thought of as a pathway that rids the cell of
non-functional mRNAs arising from mutations and processing errors,
new research suggests a more general and evolutionarily important
role for NMD in the control of gene expression.
